1. Introduction {#s0005}
===============

Insufficient sleep duration affects various brain functions [@bib1] and is associated with behavioral, cognitive, physical, and developmental problems [@bib2], [@bib3], [@bib4], [@bib5]. Physical, somatic and mental disturbances are also associated with circadian rhythm disturbances, such as shift work [@bib6], jet lag [@bib6] and social jet lag [@bib7]. Short sleep duration during childhood has been reported to be associated with obesity in adults [@bib8]. However, the long-term effects of unfavorable early daily habits (insufficient sleep duration and disrupted circadian rhythms during the early stages of life) on brain functions are not fully understood [@bib9].

Poor daily habits of modern society (loss of physical contact, decreased physical activity, and short sleep duration with late bed and waking times) during the early stages of life are associated with truancy or dropping out of school, quitting employment, and committing suicide during subsequent years [@bib10]. It has been suggested that deactivation of the serotonergic (5-hydroxytryptamine, 5-HT) system, the dorsal striatum, and the prefrontal cortex (PFC) are the candidate neuronal elements which relate the poor early daily habits with the subsequent unfavorable behaviors [@bib9].

Self-control is known as a significant determinant of success throughout life, although it might be harmful to health by speeding the process of aging, especially for persons who were born into lower social classes [@bib11]. Thus, socioeconomic status (SES) is assumed to affect early development through various elements. Although the famous longitudinal studies by the Mischel group [@bib12], [@bib13], [@bib14] and the Dunedin study [@bib15] revealed the association between early self-control and subsequent lives, they did not mention about SES. Anyway, the former [@bib12], [@bib13], [@bib14] identified factors to build better lives, such as higher academic scores, better social cognitive and emotional coping, higher educational achievement, higher sense of self-worth, better ability to cope with stress, less risky drug use, and lower body mass. The latter [@bib15] identified good health, good wealth, and low crime outcomes. The current brief paper assesses hypothesis that sufficient sleep duration and proper circadian rhythms during the early stages of life (good early daily habits) are indispensable to having a subsequent adequate social life (successful life) ([Fig. 1](#f0005){ref-type="fig"}). However, it should be noted that large inter-individual differences are observed in preferred time of day for completion of distinct cognitive tasks, sleep timing, sleep duration and sleep structure [@bib16], although humans are known to be diurnal animals [@bib17]. Similarly, it is hard to define proper circadian rhythm, however, we now know that pre-industrial people awake just before sunrise and go to sleep 3.3 h after sunset [@bib18]. An adequate social life (successful life) was defined according to the famous cohort studies of Mischel\'s and Dunedin [@bib12], [@bib13], [@bib14], [@bib15] as a situation with presumable factors to build better lives. As mentioned before, these factors includes social cognitive and emotional coping, higher academic scores, higher educational achievement, higher sense of self-worth, better ability to cope with stress, lower body mass, good health, less risky drug use, low crime outcomes and good wealth..

To assess the hypothesis, neuronal elements presumably affecting early daily habits and successful life are reviewed. As such neuronal elements, 5-HT, oxytocin, the PFC and the ventral/dorsal striatum were selected with reference to previous studies [@bib9]. Relationships among these elements are shown as numbered arrows in [Fig. 1](#f0005){ref-type="fig"} and are evaluated in the following sections in numerical order. Through these analyses, the further and new study directions on the neuronal bases between the early stage of life and the subsequent one are expected to be found. It should also be noted that arrows do mean necessary requirements but not mean sufficient ones.

1.1. Arrow 1. Self-control at age four and successful life {#s0010}
----------------------------------------------------------

The marshmallow test that Mischel and colleagues [@bib14] developed in the 1960s assesses the ability of 4-year-old children to delay gratification. The children were given a choice between one reward (one marshmallow) that they could have immediately and a larger reward (two marshmallows) for which they would have to wait alone for up to 15 min [@bib19]. Subsequently, it has been shown that this test has a significant predictive validity for social, cognitive, and mental health later in life [@bib20], including higher educational achievement, higher sense of self-worth, better ability to cope with stress and less risky drug use [@bib14]. Another large cohort study also showed that poor childhood self-control significantly predicted negative adult outcomes: worse health, more financial troubles, and more crimes committed [@bib15]. It could be said that we have evidence in arrow 1 [@bib14], [@bib15], [@bib19], [@bib20].

1.2. Arrows 2--5. PFC, the ventral/dorsal striatum (hot/cold system), 5-HT system and self-control at four years of aged {#s0015}
------------------------------------------------------------------------------------------------------------------------

Casey et al. [@bib21] revealed that children who were less able to delay gratification showed lower self-control in their forties (low delayers). They also showed higher activation in the PFC of high delayers when resisting temptation. In addition, they reported [@bib21] higher activation of the ventral striatum in low delayers than in high delayers. Mischel termed the ventral and dorsal striatum as the hot and cold systems, respectively [@bib14]. According to Caseys' report [@bib21], arrows 2 and 3 could be said to be supported by evidence [@bib21]. Interestingly, a recent study revealed that patients with attention-deficit/hyperactivity disorder exhibited an increased response to reward receipt in the ventral striatum [@bib22], although the underlying neuromechanisms of attention-deficit/hyperactivity disorder have not yet been determined [@bib23].

Activity in the ventral striatum (hot system) correlates with short-term reward predictions, whereas activity in the dorsal striatum (cold system) correlates with long-term reward predictions [@bib24]. Long-term reward is expected to bring good wealth and thus could be interpreted as producing an adequate social life (successful life). Then, dominancy of the cold system in comparison to the hot system could be interpreted as being advantageous for reward (good wealth), which could contribute to a successful life. It could be said that we have evidence in arrow 4 [@bib24].

These correlations have been reported to be altered by 5-HT levels. An increase in small reward choices and the rate of discounting of delayed rewards have been reported when 5-HT was low [@bib25], and the correlation between ventral striatum activity and short-term reward seeking was enhanced when 5-HT was low (achieved by dietary tryptophan depletion) [@bib24]. Contrarily, the correlation between dorsal striatum activity and long-term reward seeking increased when 5-HT was high (achieved by dietary tryptophan loading) [@bib24]. Arrow 5 could be construed as being supported by evidence [@bib24], [@bib25].

1.3. Arrows 6--8. Good early daily habits, 5-HT system and a successful life {#s0020}
----------------------------------------------------------------------------

According to Arita [@bib26], 5-HT neurons play a coordinating role for establishing a state that tends toward excitation, without directly acting on the muscles or the heart. In contrast, the person who has a 5-HT-deficient brain has poor awakening, poor standby of the autonomic nerves, a loose facial expression, weak posture, and a feeling of fatigue. Arita [@bib26] also reported that these symptoms were seen in patients who have depressive disorders, poor anger management or with a loss of mental balance. Moreover, Arita [@bib26] indicated that decreased activity of 5-HT neurons seems to underlie the pathologic condition of suicide [@bib26]. Indeed, decreased 5-HT activity, especially in the PFC, is considered to play a significant role in suicidal behaviors [@bib27], [@bib28]. In addition, an elevation of 5-HT is considered to be effective on several mental and/or psychiatric disorders [@bib29]. Therefore, a 5-HT sufficient brain is considered to be necessary for a successful life, although direct evidence in arrow 6 has yet to be obtained. However, as mentioned earlier, the correlation between dorsal striatum activity and long-term reward seeking was greater when 5-HT was high [@bib24]. Since long-term reward could be construed as meaning a successful life, it could be said that we have evidence in arrow 6 [@bib24], albeit indirect.

The non-pharmacological ways to activate the 5-HT system that Young [@bib30] proposed are: food (tryptophan-enriched diet), a positive (happy) mood, exposure to bright light and exercise. The 5-HT system is known to be activated by exposure to morning light [@bib31] and rhythmic movements, such as one\'s gait, chewing, and respiration [@bib26], [@bib30], [@bib32]. According to the international classification of sleep disorders, version 3 [@bib6], insufficient sleep leads to fatigue and malaise, which naturally results in poor physical activity. Insufficient sleep is disadvantageous for activation of the 5-HT system. Late bed times are often associated with decreased sleep duration [@bib33] as well as increased opportunity for nocturnal light exposure, and late waking times that often reduce morning light exposure. Nocturnal light exposure inhibits melatonin secretion [@bib34] and disrupts the circadian clock [@bib35]. Reduced light exposure during the day time and in the morning [@bib31] is disadvantageous for 5-HT activation [@bib30]. Sufficient sleep duration and proper circadian rhythms (good daily habits), promoting morning sunlight exposure and sufficient physical activity, are considered to be necessary for activating the 5-HT system. An arrow 7 could be said to be true not only during childhood, but also during one\'s entire life. An arrow 7 could be said to be supported by evidence [@bib26], [@bib30]. Segawa [@bib36] and Arita [@bib26] emphasized that regular 5-HT activity that is established by age four to five or three to six, respectively, is important to obtain an adequate social life [@bib9]. Taking these together, an activation of the 5-HT system that is achieved by sufficient sleep duration and proper circadian rhythms in these early years of life (good *early* daily habits) is considered to be important for a successful life. However, this history is represented by a red dotted arrow, which so far is unsupported by any direct evidence.

Factors that promote 5-HT activity, such as sufficient physical activity (exercise) may bring comfortable fatigue, which could increase sleep duration with proper circadian rhythms [@bib35]. Daily sunlight exposure promotes 5-HT activity and also enhances nocturnal melatonin secretion [@bib34]. The latter promotes sufficient sleep duration with proper circadian rhythms [@bib35]. Thus, factors that activate the 5-HT system induce sufficient sleep duration and proper circadian rhythms (good daily habits) [@bib35]. An arrow 8 could be said to have supporting data [@bib35]. It should be noted that the 5-HT system is activated during wakefulness, and its activity is reduced during non-rapid eye movement sleep and ceases during rapid eye movement sleep [@bib32]. The direct contribution of 5-HT system activation to inducing sleep remains to be elucidated.

Regarding arrows 7 and 8, factors that promote 5-HT activity are shown to be important for favorable sleep and circadian habits (good daily habits) - and vice versa [@bib9]. Also, it has been shown that factors that attenuate 5-HT activity are associated with poor sleep and circadian habits - and vice versa [@bib9]. Recent study revealed that 41% among general population were classified into evening type (morning type; 32%, neutral type; 27%) [@bib37]. Though evening type persons are associated with problematic behaviors \[see ref [@bib2] for summary\], an increasing number of persons are obliged to spent evening type life style in 24/7 society. This section emphasize the importance of good daily habits during the early stages of life, although parents of youngsters are obliged to spent daily habits of evening type.

1.4. Arrow 9. PFC and a successful life {#s0025}
---------------------------------------

Forbes and Grafman [@bib38] reported that the PFC is essential for successful navigation through a complex social world that is inundated with intricate norms and moral values. Prefrontal structural and functional impairments are confirmed in antisocial populations by a meta-analysis of 43 studies [@bib39]. The PFC, particularly the ventromedial/orbitofrontal region, has been implicated in decision-making in the context of neuroeconomics [@bib40]. The medial PFC has been implicated in social information processing from the early stages of life [@bib41]. The medial PFC (paracingulate cortex) is involved in developing a theory of mind that is often completed by age five [@bib42]. In addition, the ventromedial PFC is sensitive to various types of rewards [@bib43], [@bib44]. Moreover, lesions to the ventromedial PFC seriously disrupt social life by affecting decision-making abilities and emotional processing [@bib45]. Thus, the ventromedial PFC is involved in emotion, social and moral behavior, and decision-making. Based on these studies, it is suggested that an adequately functioning PFC plays a role in implicit and explicit social cognitive and moral judgment processing [@bib38]. This results in successful navigation through a complex social world for a successful life. It could be said that we have evidence in arrow 9 [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45].

1.5. Arrow 10. Good early daily habits and PFC {#s0030}
----------------------------------------------

Sleep loss decreases activity of the PFC [@bib46], and sleep deprivation is linked to decreased metabolic activity in the ventromedial PFC [@bib47]. In addition, age-related medial PFC gray-matter atrophy is associated with reduced slow wave activity during non-rapid eye movement sleep in older adults [@bib48]. The medial PFC has been implicated in memory consolidation during sleep [@bib49]. Inactivation of the medial PFC produced by sleep deprivation leads to deficits in retrieval of remote memories [@bib49], [@bib50]. These studies revealed sleep-related PFC functions, but no study has examined these effects during the early stages of life. It has been suggested that the medial PFC is important during development, from the early stages of life for emerging social cognitive abilities during infancy [@bib41]. However, we have no direct evidence that sufficient sleep duration and proper circadian rhythms during early stages of development (good early daily habits) promote the subsequent proper development of the PFC. An arrow 10 remains to be proved and is crucial to verify the currently raised hypothesis.

1.6. Arrows 11 and 12. Good early daily habits, 5-HT and self-control at age four {#s0035}
---------------------------------------------------------------------------------

Experiments are needed to determine differences in sleep duration and circadian rhythms, as well as in daily factors that are related to 5-HT activity, such as rhythmic movements and media use, between children who have chosen a small, immediate reward and those who have chosen a larger, delayed reward. The latter children are presumed to be following a proper favorable life customs with sleep of sufficient duration and proper circadian rhythms (good early daily habits), as indicated by an arrow 11. Furthermore, whether immediate or delayed gratification could be altered by changing the level of 5-HT (achieved by dietary tryptophan depletion or loading) in young children as indicated by arrow 12 might be interesting to study, but would be of ethical concern. We have no evidence of arrows 11 and 12.

1.7. Arrows 13--15. Good early daily habits, PFC, oxytocin a and successful life {#s0040}
--------------------------------------------------------------------------------

Although it has been reported that oxytocin improves the quality of sleep in adult humans [@bib51], insufficient data of the involvement of oxytocin in sleep, PFC functioning and sociality has been obtained from humans. However, it has been reported that *Homo sapiens*, with their high level of dependence on social behavior and cognition, could not have evolved without oxytocin [@bib52]. In rats, the medial PFC is a site where exogenous oxytocin may act to attenuate anxiety-related behavior [@bib53]. The coordinated activity of oxytocin and 5-HT in the nucleus accumbens is required for rewarding properties of social interaction in mice [@bib54]. In addition, it should be noted that experiences during the early stages of life affect oxytocin receptors, which in turn may have long-term effects on social behaviors [@bib55]. Arrows 13, 14 and 15 have yet to be investigated in humans.

1.8. A red arrow. Good early daily life and a successful life {#s0045}
-------------------------------------------------------------

In the earlier part of this article (on arrows 6 and 7), a history of the good early daily life and the successful life (a red dotted arrow) was described. It considered maturation of the 5-HT system, although there was no direct evidence of it. Herein, this history was seen from a view point of risk-taking behavior (RTB). RTB is an action or decision that has both the potential for danger, loss, or harm and the gain of some form of reward [@bib56]. By reviewing literature, Womack et al. concluded that sleep loss is positively associated with RTB [@bib57]. They suggested that this relationship between sleep loss and RTB was mediated by the reduced functioning of the ventromedial PFC [@bib57]. Indeed, sleep deprivation has been linked to decreased metabolic activity [@bib47] and changes in decision value signals [@bib58] in the ventromedial PFC. Killgore et al. [@bib59] reported that the sleep-deprived participants showed decision-making patterns similar that are to those of patients who have lesions in the ventromedial PFC. In addition, the increase in RTB is suggested to be due to changes in the ventromedial PFC [@bib57]. Sleep loss might adversely affect the ventromedial PFC, in turn, this might produce RTB. If one assumes that RTB is one of the factors for an unsuccessful life, a red arrow could be supported by these reports. However, these data were obtained in adults. No data have been obtained from children to connect good early daily life and a successful life.

1.9. . Other issues needed to be reviewed in relation with good early daily habits and successful life {#s0050}
------------------------------------------------------------------------------------------------------

The evidence to support the currently raised hypothesis that sufficient sleep duration and proper circadian rhythms during early stages of life (good early daily habits) are indispensable for successful life are introduced. The direct red arrow ([Fig. 1](#f0005){ref-type="fig"}) would be supported indirectly by arrows 7 and 6 (5 and 4) and also by 10 and 9, with some assistance from the oxytocinergic system (arrows 13, 14, and 15).

With regard to oxytocin, however, differences in its receptor gene might also be involved in social behaviors. Knockout mice that are deficient in the oxytocin receptor gene display pervasive social deficits [@bib60], whereas it is reported that oxytocin receptor gene polymorphism shows different protective effects in an adverse social rearing environment [@bib61]. Similarly, polymorphism in 5-HT receptor 2a gene is a possible predisposal factor for aggressive traits [@bib62]. These findings are compatible with Cicchetti\'s finding that developmental outcomes are shaped by complex interactions between environmental characteristics and genes across development [@bib63]. Remarkably, an arrow 15 could be affected by polymorphism of both oxytocin and 5-HT receptor genes, whereas arrows 5, 6, 8, 12 could also be influenced by 5-HT receptor gene polymorphism.

On environmental factors, as described in the earlier part of this article, it has been reported that low SES is a barrier for self-control to be a determinant of success throughout life [@bib11]. It has also been reported that children from low SES in the USA [@bib64], Australia [@bib65] and Brazil [@bib66]) show higher rates of sleep problems, such as short sleep duration and late bedtime, although the opposite result was reported for China [@bib67]. It has also been reported that low SES is associated with the occurrence of child sleep disordered breathing [@bib68]. Low SES might be associated closely with biological phenomenon of sleep problems during the early stages of life, probably in various ways such as nutritional, hygienic and educational problems, although not expressed by an arrow in [Fig. 1](#f0005){ref-type="fig"}. Of course, nutritional, hygienic and educational problems could affect neuronal elements.

Several links remain to be studied; arrows 8, 10, 11, 12, 13, 14, 15, and the red dotted arrow in [Fig. 1](#f0005){ref-type="fig"}. Among these arrows, arrows related with 5-HT (arrows 5, 6, 7, 8, 12 and 15) are difficult to be free from receptor gene polymorphism. Then, the relationship between sufficient sleep duration and circadian rhythms during early stages of life and enhanced PFC activity (an arrow 10) seems to be the key element for verifying the currently raised hypothesis. Although arrow 11 is an indirect datum for verification of the current hypothesis, arrow 11 could be confirmed more easily than arrow 10. After confirming arrow 11, intense studies of arrow 10 should be conducted. If arrow 10 were to be verified, the currently raised hypothesis would be confirmed, at least indirectly. The direct red arrow, with an involvement of unknown neural elements, remains to be confirmed.

2. Conclusions {#s0055}
==============

The current analyses demonstrated numerous indirect data supporting favorable effects of sufficient sleep duration and proper circadian rhythms during early stages of life (good early daily habits) on the proper development of the PFC, although direct evidence has remained to be accumulated. In addition, SES was found to be involved in the current hypothesis. Neuroscience of SES should be another important issue to be investigated.
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![Hypothesis and supported data. The red dotted arrow represents the current hypothesis that sufficient sleep duration and proper circadian rhythms during early stages of life are indispensable for an adequate social life. The numbered arrows from (1) to (15) represent the available data to support the hypothesis. Broad lines have evidence, whereas a thin arrow (8) has only weak evidence. Dotted arrows (10--15) need more studies to be confirmed. 5-HT; serotonin, PFC; prefrontal cortex.](gr1){#f0005}
